The process of sperm chromatin decondensation occurs when a spermatozoon enters an ovum. Protamine disulphide bonds are reduced to SH and the polycationic protamines combine with the polyanionic egg protein, nucleoplasmin, thus being stripped from DNA which then combines with histones. Defective chromatin decondensation will thus prevent further development of the male pronucleus. In this study human sperm samples were incubated in vitro at 28°C (using a medium in which the polyanion, heparin, substitutes for nucleoplasmin and β-mercaptoethanol for egg glutathione) for 10, 20 and 30 min before stopping the reaction with formalin (to 3.6%). The DNA of the fixed cells was stained with Acridine Orange by a one-step method and subjected to flow cytometry and data analysis, in which a zone characteristic of condensed chromatin is outlined on red-green fluorescence contour plots. After 20 min of incubation 97% of the control spermatozoa that were in the mature window (WIN M) had decondensed and moved out of this region. Defects in sperm decondensation were seen in four semen samples of the 20 that were tested. In cases where spermatozoa fail to produce a fertilized egg the cause may lie with defective chromatin quality, including failure of the sperm chromatin to decondense. The method described here is a simple procedure for detecting sperm samples containing such defective cells.
Introduction
When a spermatozoon enters an egg its DNA is bound compactly to proteins called protamines. In order to form the male pronucleus these protamines are removed from the DNA by a process in which their disulphide bonds are reduced before binding the polycationic protamine to nucleoplasmin, a small, negatively charged protein found in the egg (Philpott et al., 1991; Philpott and Leno, 1992) . When this happens the sperm nucleus becomes much larger ('decondenses') and the DNA combines with egg histones, forming the male pronucleus which combines with the egg pronucleus as fertilization proceeds. Defects of sperm chromatin which prevent or delay chromatin decondensation can be expected to prevent normal development of the male pronucleus. Methods for assessing sperm chromatin decondensation must therefore be considered useful additions to the arsenal of tests useful for diagnosing patients with male infertility. This is especially likely to prove useful in cases where intracytoplasmic sperm injection is being considered as a therapeutic option.
In this study sperm nuclear decondensation has been measured in vitro by Acridine Orange staining followed by flow cytometry. Using the procedure of Montag et al. (1992) , the polyanion, heparin, was used in place of nucleoplasmin, which is not commercially available and β-mercaptoethanol was used to reduce disulphides. Decondensation was evaluated by flow cytometry in normal mature human spermatozoa and in samples containing defective chromatin.
Materials and methods

Source and handling of spermatozoa
Semen samples remaining after routine semen analysis from male infertility clinics at Sheba Medical Center, Tel HaShomer or Assaf HaRofe Medical Center, Tsrifin, Israel, were diluted 1:10 in TNE buffer (Tris-hydroxymethylaminomethane 0.01 M, NaCl 0.15 M, EDTA 1 mM, pH 7.4) supplemented with glycerol (10% v/v) and then frozen at -80°C for storage until analysis.
Seven semen samples (obtained by masturbation) which conformed to the criteria for normal semen [World Health Organization (WHO), 1987] were pooled to form a reference standard. This pooled material was divided into 0.2 ml aliquots and held at -80°C until used as reference standard.
Four patients were previously investigated and diagnosed as having chromatin abnormalities (hypercondensed or hypocondensed) as found by Golan et al. (1997) . In addition, 16 semen samples were examined and the clinical diagnosis of these patients was as follows: two cases with severe varicocele; six paraplegic patients; three cases which repeatedly failed sperm-egg fusion and sperm decondensation (zonafree hamster test); five cases with unexplained infertility displaying normal semen analysis.
Procedure for sperm decondensation
Semen samples (~2ϫ10 6 spermatozoa/ml in TNE-glycerol) were thawed, centrifuged (1700 g, 10 min) and the pellet resuspended in TNE. The sperm cell membranes were broken by dipping the tube containing sperm suspension into liquid nitrogen to freeze the cells rapidly, and then into warm water to thaw them. This procedure was repeated three times. The broken sperm preparation was centrifuged at 1700 g for 10 min, diluted with decondensation medium of Montag et al. (1992) [Tris 20 mM, MgCl 2 2.5 mM, Na 2 HPO 4 2.5 mM, KH 2 PO 4 12.5 mM, KCl 113 mM, pH 7.4, containing heparin (150 µM) and β-mercaptoethanol (1 mM)] to a concentration of~10 6 spermatozoa/ml. The samples were incubated at 28°C or 37°C for up to 30 min. At the end of the incubation period samples of 200 µl at 134 each time point were fixed by adding formalin to a final concentration of 3.6%.
Acridine Orange staining and flow cytometry
The method for Acridine Orange staining and flow cytometry of spermatozoa followed the one-step procedure of Evenson et al. (1986) . Spermatozoa, obtained as described above, were thawed, centrifuged for 10 min at 500 g and the pellet was resuspended in TNE buffer and held on ice until staining. Aliquots (100 µl) were removed and mixed with 0.8 ml chilled (0°C) Acridine Orange (Fluka AG, Geneva, Switzerland) solution (6 µg Acridine Orange/ml in buffer: citric acid 0.1 M, Na 2 HPO 4 0.2 M, EDTA 1 mM, NaCl 0.15M, pH 6). After 3 min the chilled sample was aspirated into a flow cytometer (Becton Dickinson FACS IV Flow Cytometer, San Jose, CA, USA). Green fluorescence (BP 530 filter) and red fluorescence (650 L.P. filter) were measured for 10 000 events/sample after excitation with a 488 nm argon laser emitting 16 mW.
The flow cytometer was standardized for each analysis session using Acridine Orange-stained ejaculated human spermatozoa from the reference pool mentioned above. The cytometer was adjusted for each experiment such that the peak green fluorescence of the reference sample was in channel 136 and the red fluorescence peak in channel 107. This allowed results from different experiments to be compared reproducibly. The WIN MDI data processing program (J.Trotter http:// facs.scripps.edu) was used to analyse the resulting data.
In order to evaluate the decondensation process a scattergram was prepared displaying red versus green fluorescence of the control sperm cells (chromatin condensed, 0 time sample) and a window was drawn joining all pixels containing ജ10 cells. The percentage of spermatozoa found in this window at zero time was compared with the percentage remaining in the window after incubation for various times of incubation.
Zona-free hamster oocyte test
Zona-free hamster oocyte test was performed following TEST-yolk buffer preincubation (Soffer et al., 1992) .
Results
When human sperm cells were incubated for 3 h with zonafree hamster ova, sperm cells with expanded heads which reached~20-fold their initial size were found in the eggs. This phenomenon has been used to confirm the ability of spermatozoa from a given donor to undergo decondensation (Soffer et al., 1992) . In-vitro expansion of sperm heads has also been observed under the microscope when spermatozoa whose cell membranes were damaged by either freeze-thaw or detergent treatment were incubated with heparin and β-mercaptoethanol followed by nuclear staining to quantitate the percentage of sperm nuclei that decondensed (Montag et al., 1992) . In the present study, when Acridine Orange staining and flow cytometry were performed using normal spermatozoa which had been incubated for 5, 10, 20 and 30 min (under the conditions reported by Montag et al., 1992) a gradual increase in both green and red fluorescence was observed (Figure 1) . Results are also expressed in a two-dimensional dispersion diagram plotting red versus green fluorescence (Figure 2) . The maturation zone, Window M ϭ WIN M, was drawn to enclose the bulk of sperm nuclei obtained from 10 000 cells of the normal reference pool (Golan et al., 1997) which were present at the start of the incubation process. The WIN MDI computer program automatically calculated the number of spermatozoa present in this window. The parameter Percentage Mature ϭ 100 (WIN M/Total cells) served as a measure of the mature cells at 0 time. The rate of decondensation was estimated from the decrease in the percentage of the spermatozoa remaining in this window after incubation under decondensation conditions for 0, 10, 20 and 30 min at 28°C. In the normal pooled spermatozoa, in the experiment shown (Figure 2) , the values were 73, 38, 1.4 and 1.3% respectively. It was noted that spermatozoa incubated in medium lacking either heparin or β-mercaptoethanol did not undergo decondensation. In order to establish suitable laboratory conditions for obtaining reproducible decondensation values the results of incubations at 37°C and 28°C were compared (Table I) . Decondensation was seen at both temperatures (expressed as M or 100 M/T) but the number of cells in the T window decreased when incubated at 37°C because cell breakage resulted in formation of cells demonstrating reduced fluorescence (window O). Thereafter incubations were routinely conducted at 28°C.
Results for decondensation of spermatozoa from nine samples of semen scoring in the normal range by WHO criteria are shown in Table II . The percentage of cells in the mature zone (WIN M region which represents spermatozoa with mature condensation; Golan et al., 1997) at 0 time was 66.5 Ϯ 11.0 (mean Ϯ SD) for the normal samples compared to the reference pool value of 69.1 Ϯ 8.3. After 20 min of decondensation (which was chosen as the standard incubation time for between-sample comparisons) only 2.0 Ϯ 1.0% of the normal cells and 2.1 Ϯ 1.6% of the reference pool remained in the WIN M window. Thus, 97% of the cells that were originally in the WIN M region underwent the decondensation (Figure 2 , Table II ). In 16 of the 20 samples studied, Ͼ95% of the cells in the WIN M region decondensed after 20 min of incubation under standard conditions. In three out of six semen samples obtained from paraplegic patients by electroejaculation, 31, 60 and 81% of the cells remained in WIN M even after 30 min of decondensation. In one sample which failed the hamster test, 48% of the cells did not exhibit decondensation. A two-dimensional diagram of a sample from a paraplegic patient in which 81% of cells remained in WIN M is shown in Figure 3 .
Discussion
In-vivo sperm decondensation occurs when disulphide bonds of the protamine of the sperm nucleus are reduced, presumably by glutathione (Perreault et al., 1984 (Perreault et al., , 1988 Perreault 1992) , followed by replacement of the protamine by embryonic histones (Zirkin et al., 1985; Betzalel et al., 1986; Philpot et al., 1991; Perreault 1992; Leno et al., 1996) . Hamster spermatid nuclei, which contain few disulphide bonds, were shown to decondense more rapidly than spermatozoa from the cauda epididymis, which contain maximal numbers of such bonds (Perreault et al., 1987 . In hamster and human spermatozoa the chromatin has been shown to become more condensed during passage from caput to cauda epididymis (Auger and Dadoune, 1993; Yossefi et al., 1994; Golan et al., 1996) . In the next step of the decondensation process the nucleoplasmin plays a dual role of removing protamine from and bringing histones to sperm DNA (Perreault, 1992; Philpott and Leno, 1992; Katagiri and Ohsumi, 1994) . Various other polyanions (with heparin being the most effective compound) have been used as substitutes for nucleoplasmin for in-vitro chromatin decondensation studies (Jager et al., 1990) . In this study heparin was used for this purpose.
The decondensation process has been shown to be temperature dependent . In the present study 28°C was chosen for the assay conditions because incubation at 37°C for 20 min resulted in an unacceptable degree of cell lysis.
Male infertility is conventionally assessed by several routine techniques based upon sperm morphology, motility, viability and concentration of sperm cells (WHO, 1987) . Some infertile men exhibit a relatively normal semen analysis and more elaborate tests [such as the hamster test (Soffer et al., 1992) and the hemizona test (Burkman et al., 1988) ] are required to ascertain the cause of their infertility. In cases where intracytoplasmic sperm injection fails to produce a fertilized egg the cause may lie with defective chromatin quality, including failure of the sperm chromatin to decondense. The method described here is a simple procedure for detecting sperm samples containing such defective cells.
Several groups have measured sperm chromatin decondensation by observing changes in size and shape of the sperm head by microscopic examinations (Jaeger et al., 1990; Lassalle and Testart, 1991; Lipitz et al., 1992; Montag et al., 1992; Banerjee and Hulten, 1994; Cameron and Poccia, 1994; Morcos and Swan, 1994; Chitale and Rathaur, 1995; Reyes and SanchezVazques, 1996) . These methods tend to be somewhat subjective because it is difficult to decide what degree of sperm head enlargement is to be the criterion of decondensation and they are time consuming because they require counting many cells in order to achieve statistical significance.
Flow cytometry provides a useful alternative to microscopic examination of cells for determination of sperm decondensation. Zucker et al. (1992) induced decondensation in rat and hamster spermatozoa using sodium dodecyl sulphate and dithiothreitol as a reducing agent and evaluated decondensation by increase in light scatter. Evenson et al. (1980) evaluated decondensation in mouse and human sperm nuclei using Acridine Orange staining and plotting green fluorescence versus pulse width of the green signal, which is related to cell size. In the method reported here the increase in intensity of green and red fluorescence of Acridine Orange-stained spermatozoa after incubation with β-mercaptoethanol served as a measure of the decondensation. Flow cytometry evaluated a sample of 10 000 cells in 1-2 min, storing the data in a computer. The parameter used to assess sperm chromatin decondensation was the decrease in the percentage of spermatozoa remaining in the zone WIN M, characteristic of cells with condensed chromatin (as defined in Golan et al., 1997) . Repeatability and statistical significance were excellent. This method detected several human sperm samples containing many cells with defective decondensing ability. These were obtained from three paraplegic patients whose semen samples were obtained by electroejaculation. It is possible that a larger than normal proportion of the sulphydryl groups in the protamines of these spermatozoa may have become oxidized to disulphide during extended storage in the caudae epididymides. One sample demonstrating slowed decondensation was from a patient whose spermatozoa performed unsuccessfully in the hamster test. Using microscopy several groups have also suggested that defective chromatin decondensation can be found in some cases of infertility (Brown and Nagamni, 1992; Chan and Tredway, 1992; Griveau et al., 1992; Lipitz et al., 1992; Sakkas et al., 1996) . Inasmuch as defective chromatin decondensation will lead to failure of fertilizing an egg, the ability to identify semen samples containing spermatozoa defective in decondensing ability may aid the clinician in deciding which patients may experience difficulty in assisted reproduction techniques such as intracytoplasmic sperm injection. Further research may reveal (i) a means of pretreating such spermatozoa (e.g. with disulphide reducing agents) to improve their quality or (ii) a way of separating cells of adequate decondensing ability from the total sperm population.
